This report identifies a group of compounds, polymethylene bisacetamides (acetylated diamines), which are potent inducers of erythroid differentiation in murine erythroleukemia cells. A known inducing agent, N-methylacetamide, was dimerized through varying numbers of methylenes in an attempt to increase the local effective concentration at adjacent target sites. The simple dimer was no more effective than N-methylacetamide alone; introduction of five to eight methylenes between acetamide groups substantially increased the effectiveness of these compounds. The hexamethylene bisacetamide was active between 0.5 mM and 5 mM; the percentage of cells induced and the rate at which they were recruited to differentiation was dependent upon the concentration of inducer within this range. At 5 mM hexamethylene bisacetamide essentially the entire population (>99%) was induced to a pathway of erythroid differentiation which was greater differentiation of the cultured cells than with any inducer yet tested.
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The murine erythroleukemia cell line established by Friend (1) shows a low percentage (<1%) of spontaneous erythroid differentiation; inclusion of 280 mM dimethylsulfoxide (Me2SO) in the culture medium results in an increased number of cells synthesizing hemoglobin (2) . The program of erythroid differentiation induced by Me2SO includes characteristic changes in morphology (2) , the appearance of globin mRNA (3, 4) , an increase in iron uptake and heme synthesis (2) , and the appearance of erythroid membrane antigens (5).
Dimethylsulfoxide is not unique in this action in that several other compounds, having in common a hydrophilic or polar group covalently joined to a hydrophobic group, also induce differentiation in these cells (6, 7) . With the knowledge that several types of organic compounds are active as inducing agents, we attempted to find a compound that would be better than those already investigated in terms of both lower effective concentrations and the percentage of cells that differentiate. One approach to this problem was to test dimers of a known inducing agent in order to increase the local effective concentration of inducer at adjacent target sites. The inducing agent N-methylacetamide was dimerized by linkage at nitrogen through a varying number of methylene groups. We have identified a group of compounds, polymethylene bisacetamides (acetylated diamines), that are potent inducers, in that, at concentrations well below the optimal for Me2SO, essentially the entire culture (>99%) of murine erythroleukemia cells differentiate. These compounds are structurally related to certain naturally occurring diamines, which are shown to be weak inducers.
MATERIALS AND METHODS
Strain 745A, a murine erythroleukemia cell line, was provided by Dr. Charlotte Friend, and maintained in continuous culture in our laboratory for 3 years as previously described (8) . The extent of differentiation in a culture was determined by either of two methods. The percentage of hemoglobin-containing cells was determined by the benzidine reaction as described elsewhere (8) . The hemoglobin content of a culture was measured by determining the absorbance at 415 nm of cell lysates prepared from 107 cells per ml.
The bisacetamides were prepared by acetylation of the corresponding diamines. The purity and structure of each compound were checked by standard methods, including thin-layer chromatography, constant melting point, and nuclear magnetic resonance spectroscopy.
RESULTS
Relation of chain length of polymethylene bisacetamides to inducing activity Bisacetamides with chain lengths from two to eight methylenes (Table 1 , n = 2-8) were tested for their ability to induce erythroid differentiation; all were active as inducers ( Table 2 ). The bisacetamide linked by two methylenes (n = 2), a simple dimer of N-methylacetamide, was no more active than monomeric N-methylacetamide. The bisacetamides linked through five to eight methylenes (n = 5-8) were most active, as judged by lowest effective concentrations and highest percentages of cells induced. The seven-and eightmethylene compounds induced maximally at a lower concentration (3 mM) than the five-or six-methylene compounds (5 mM); however, they were more toxic, as evaluated by depression in net cell growth.* At the concentration optimal for inducing (5 mM), the five-and six-methylene bisacetamides either had no effect on cell growth or caused a slight enhancement. At this concentration the hexamethylene bisacetamide (n = 6) induced differentiation of virtually the entire population (>99%). (Fig. 3a) , and the increment in differentiation per day was dependent upon the concentration of HMBA (Fig. 3b) . Thus, at suboptimal concentrations of HMBA undifferentiated cells continued to be recruited to differentiate at a constant rate which was de- pendent upon the concentration of inducer between 0.5 mM and 5 mM (Fig. 3b) 
Effect of diamines on induction to differentiation
The bisacetamides used in this study were synthesized by acetylation of the respective diamines. The possibility that the diamine and not the acetamide might be the functional part of the inducing compounds was considered. An alternative possibility, that acetylated diamines might serve as feedback inhibitors of the synthesis of a critical natural polyamine, was also considered. In order to explore these possibilities, diamines containing four through seven methylene groups were studied both as to their ability to induce differentiation and their ability to inhibit differentiation induced by the acetylated derivatives.
Those diamines containing five or six methylenes (n = 5, 6) showed a low level of induction (Table 3) Table 4 ). Both N-methylacetamide and N,N-dimethylacetamide were good inducers. However, they required concentrations four to six times higher than the hexamethylene bisacetamide. Dimethylsulfoxide was intermediate in its ability to induce and required a concentration more than 50 times greater than that of HMBA. While butyric acid compared favorably with HMBA in terms of optimal concentration, the extent of induction by butyric acid was less than that achieved with HMBA in terms both of number of cells induced and the quantity of hemoglobin accumulated. The percentage of cells induced could be increased to 65% by raising the concentration of butyric acid to 2 mM, but cell growth was then inhibited by 30%. DISCUSSION This paper reports the finding that polymethylene bisacetamides (acetylated diamines) are potent inducers of erythroid differentiation in murine erythroleukemia cells. Acetamide dimers linked through two to eight methylenes were tested and all were active in inducing differentiation, but the 5-to 8-carbon bridge was optimal in terms of minimal effective concentration and maximal induction. Thus, hexamethylene bisacetamide (HMBA) was maximally active at a concentration 'k the optimal concentration of monomeric N-methylacetamide, previously reported among a series of inducing polar compounds (6); by contrast, the simple dimer of N-methylacetamide (n -2) was not more active than Nmethylacetamide, despite twice as many functional groups per mole. This suggests that a minimal distance between acetamide groups is required to take advantage of the dimerization. The minimal distance established by five carbons between acetamides might reflect the distance between adjacent target (perhaps receptor or binding) sites. Alternatively, it may reflect the distance required for sufficient flexibility of the compound such that the functional groups may lie adjacent to each other. These studies do not resolve the nature of the putative target, which could be at the cell surface or at an intracellular site.
The minimal concentration at which the polymethylene bisacetamides inhibited cell growth was lower, the lower the optimal concentration for induction. This is consistent with previous findings for the series of polar compounds that are inducers of differentiation in these cells. It suggests that the mechanism of induction may involve a change in structure of a cellular component, which, if too extensive, is incompatible with cell survival.
Dimethylsulfoxide, the most thoroughly studied inducer of differentiation in these cells, is known to destabilize DNA (10). Polyamines and diamines, on the other hand, are known to stabilize DNA (11, 12) . The possibility that the bisacetamides interfere with polyamine synthesis (e.g., by feedback inhibition) was considered. Addition of diamines at concentrations that did not affect cell growth did not reverse the induction to differentiation produced by the bisacetamides.
Diamines with five or six carbons showed only a low level of inducing activity, but we cannot yet exclude the possibility that the acetylation serves an auxiliary function in these compounds, such as to enhance transport into the cell, and that subsequent deacetylation releases an active diamine.
HMBA-induced recruitment to differentiation appears to be time dependent, and the rate of recruitment increases with increasing concentrations of HMBA. When assayed on the fifth day of culture, both the percentage of cells containing hemoglobin and the hemoglobin content of the population are directly proportional to the concentration of HMBA between 0.5 mM and 5 mM. In 5 mM HMBA (the optimal concentration) cells are recruited at a rate of 30-35% per day, beginning on the second day, such that, by the fourth day of culture, over 99% of the population of cells are committed to differentiation. Although the induced cells constitute a heterogeneous population by morphological criteria, the average hemoglobin content per induced cell was approximately the same at all concentrations of HMBA within this range. This indicates that the concentration of HMBA affects the rate of recruitment but not the pattern of differentiation of a committed cell. This interpretation is supported by evidence that committed cells continue normal differentiation when transferred out of inducing compound into fresh medium after various periods of exposure to inducing agents (ref. 13 ; Reuben et al., unpublished data).
By the following criteria we judge the series of compounds reported here, the polymethylene bisacetamides, to be more effective inducing agents than any yet reported. They are the only compounds studied to date that are capable of inducing essentially the entire population of erythroleukemia cells to a pathway of erythroid differentiation and, cytologically, differentiation is more advanced than with other compounds tested; with the hexamethylene bisacetamide maximal induction is achieved at a concentration that exhibits no adverse effects on the rate of cell growth; the rate at which the cells are recruited to erythropoiesis is greater than with other compounds studied; maximal induction is achieved at a concentration less than the optimal concentration of most other inducing agents; and other inducers active at comparable concentrations, e.g., butyric acid (7), are not as effective inducers, as judged by the percentage of cells induced and the degree of cytological differentiation.
